Glutamate transport across the plasma membrane of neurons and glia is powered by the transmembrane electrochemical gradients for sodium, potassium, and pH, but there is controversy over the number of Na ϩ cotransported with glutamate. The stoichiometry of glutamate transporters is important because it determines a lower limit to the extracellular glutamate concentration, [glu] o , in both normal and pathological conditions. We used whole-cell clamping to study the stoichiometry of the glial transporter GLT-1, the most abundant glutamate transporter in the brain, expressed under control of the Tet-On system in a Chinese hamster ovary (CHO) cell line selected for low endogenous glutamate transport. After the induction of GLT-1 expression with doxycycline, glutamate evoked a Na 
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Measuring the reversal potential of the transporter current in various ionic conditions suggested that the transport of one glutamate anion is coupled to the cotransport of three Na ϩ and one H ϩ and to the countertransport of one K ϩ . This suggests that in ischemia, when [K ϩ ] o rises to 60 mM, the reversal of glutamate transporters will raise [glu] o to Ͼ50 M.
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The extent to which glutamate uptake can lower the extracellular glutamate concentration, [glu] o , in the C NS is determined by the ionic stoichiometry of the uptake process (Attwell et al., 1993) . Radiotracing and whole-cell clamp experiments suggested that the entry of each glutamate anion into the cell is accompanied by the cotransport of two Na ϩ ions Erecinska et al., 1983) and the countertransport of one K ϩ ion (Kanner and Sharon, 1978; Barbour et al., 1988; Amato et al., 1994a) . In addition, glutamate transporters generate pH changes, acid inside and alkaline outside the cell (Erecinska et al., 1983; Bouvier et al., 1992; Billups et al., 1996) . On the basis of anion substitution experiments these pH changes were attributed by Bouvier et al. (1992) to the countertransport of an OH Ϫ out of the cell, but with the discovery of an anion conductance in the GLAST transporter they studied, their data have been reinterpreted as being equally compatible with cotransport of an H ϩ into the cell (Billups et al., 1996; Eliasof and Jahr, 1996) . The observation that the neuronal EAAT3 transporter can transport both anionic and neutral (i.e., protonated) cysteine led Zerangue and Kavanaugh (1996a) to suggest that energy is gained from the pH gradient by cotransport of an H ϩ (presumably anionic cysteine is transported with a cotransported H ϩ , and neutral cysteine is transported with the H ϩ attached to the cysteine). Two recent studies on the EAAC1/EAAT3 transporter have given contradictory results for the number of Na ϩ , and hence the charge, cotransported. Using measurements of radioactive Na ϩ influx, pH, and membrane current, Kanai et al. (1995) concluded that two Na ϩ and one net charge moved per glutamate entering the cell on EAAC1. By contrast, Zerangue and Kavanaugh (1996b) , who studied the reversal potential of the homologous transporter EAAT3, concluded that three Na ϩ and two net charges were transported per glutamate.
A detailed analysis of the stoichiometry of the glial GLT-1/ EAAT2 transporter has not yet been performed and is of interest because this is the most abundant glutamate transporter in the brain (Haugeto et al., 1996) . Although it is known that this transporter cotransports Na ϩ and countertransports K ϩ (Kanner and Sharon, 1978; Pines et al., 1992) , the number of ions moving has not been examined rigorously, and it is uncertain whether H ϩ is involved in powering this transporter. We recently have developed a cell line in which GLT-1 is expressed under the control of the Tet-On system (so expression is turned on by adding the antibiotic doxycycline), and there is essentially no contamination from other Na ϩ -dependent transporters or glutamate-gated currents (Levy et al., 1998) . We have used whole-cell clamping to characterize the properties of GLT-1 in this cell line. Using the nontransported analog of glutamate, dihydrokainate (DHK), which is a specific blocker of GLT-1, we show that the reversal potential of the transporter is consistent with glutamate transport being accompanied by the cotransport of three Na ϩ and one H ϩ and the countertransport of one K ϩ .
MATERIALS AND METHODS
All experiments were performed at room temperature, 21-25°C. Before experiments the cells were cultured at 37°C in a humidified 5% C O 2 incubator in DM EM / Ham's F12 culture medium (Life Technologies 21331, Gaithersburg, MD) supplemented with 2.5 mM glutamine, nonessential amino acids (Life Technologies 11140-035, diluted 1:200), 5% newborn calf serum, and 5% horse serum.
Cell line e xpressing GLT-1. Construction of the cell line GLT-1/ Dd-B7 has been described previously (Lev y et al., 1998) . In brief, the first step (Igo and Ash, 1996) was to select a Chinese hamster ovary (CHO) cell line (Dd-B7) to have essentially no Na ϩ -dependent glutamate transport, by bathing a population of mutagenized cells in tritiated D-aspartate (a glutamate transporter substrate) and storing the cells to allow time for cells that had taken up the D-aspartate to be killed by radiation damage. This process left a cell population enriched in cells lacking transporters. The second step was to cotransfect a resulting clonal cell line with the pTet-On regulator plasmid and with GLT-1 cDNA inserted in the pTet response element plasmid (Resnitzky et al., 1994; Gossen et al., 1995) and select the clonal cell line with the largest increase of D-aspartate uptake induced by doxycycline (which binds to the reverse Tetresponsive transcriptional activator, activating the expression of GLT-1). Doxycycline was found to upregulate tritiated D-aspartate uptake by a factor of 280 (Lev y et al., 1998) , this maximum upregulation occurring 36 -48 hr after doxycycline (2 g /ml) was added. GLT-1 was extracted from the cell line and from rat cerebral cortex by immunoabsorption (Haugeto et al., 1996) with the use of sheep antibodies to amino acids 492-501 of GLT-1, was separated by SDS-PAGE, and was immunoblotted with rabbit antibodies to GLT-1. The molecular weight of GLT-1 from cerebral cortex was ϳ70 kDa, as reported previously (Lehre et al., 1995) , whereas that of GLT-1 from the cell line was ϳ80 kDa. This difference presumably is attributable to different glycosylation, because after deglycosylation with N-glycosidase F , the molecular weight of GLT-1 from both sources was the same (ϳ60 kDa). The reduction in molecular weight is unlikely to be attributable to proteolysis because the deglycosylated proteins were recognized by antibodies (Lehre et al., 1995) to both the N-terminal (amino acids 12-26) and the C -terminal (amino acids 518 -536).
W hole-cell clamping. C ells were detached from their culture wells by being washed with a solution containing (in mM) 137 NaC l, 0.7 K 2 HPO 4 , 10 H EPES, and 0.5 Na 2 -EDTA, pH 7.4, and were replated onto a glass-bottomed chamber that had been half-filled with external solution (see below; the divalent ions in this solution allow the cells to adhere to the chamber) on a fixed stage microscope. Electrode resistance was ϳ2 M⍀ when immersed in the external solution and 1 G⍀ in the cellattached mode; the series resistance in whole-cell mode was ϳ5 M⍀. Series resistance voltage errors were negligible (Ͻ1 mV). The cells are approximately spherical after being replated, as described above, so voltage nonuniformity in the cell is also negligible. The membrane potential was corrected for the electrode junction potential.
Solutions. For measuring forward uptake currents, the cells were clamped with electrodes filled with solution containing (in mM) 140 KC l, 0.5 CaCl 2 , 5 Na 2 -EGTA, 10 H EPES, 2 MgC l 2 , and 1 Na 2 ATP, pH 7.0, in external solution containing (in mM) 140 NaC l, 2.5 KC l, 10 H EPES, 2 MgC l 2 , 2.5 CaCl 2 , 1 Na 2 HPO 4 , and 10 glucose, pH 7.4. For measuring reversed uptake currents, the pipette solution contained (in mM) 10 Na-glutamate, 124 choline-C l or 124 tetraethylammonium-C l (similar results were obtained with either), 0.5 C aC l 2 , 5 (N-methyl-Dglucamine) 2 -EGTA, and 10 H EPES, pH 7.0; the external solution contained (in mM) 73.5 NaC l, 60 choline-C l or 60 KC l, 2 MgC l 2 , 2.5 CaCl 2 , 6 BaC l 2 (to block inward rectifier potassium channels), 10 H EPES, 10 glucose, and 0.1 ouabain (to block the K ϩ -evoked Na / K pump current). Reversed uptake was evoked by replacing the external choline-C l with KC l. For experiments to determine the stoichiometry by measuring the reversal potential of the current blocked by DHK , both the internal and external solutions contained Na ϩ , K ϩ , and glutamate to allow forward and reversed operation of the transporter (at different voltages); C l Ϫ was omitted from the internal and external solutions to abolish any contribution to the membrane current from the anion channel of the transporter (Wadiche et al., 1995a) although, as discussed later, there is little anion conductance for this transporter when C l Ϫ is the main anion present. The pipette solution contained (in mM) 10 Na-glutamate, 10 Na-gluconate, 122 K-gluconate, 2 Mg-(gluconate) 2 , 0.5 C a-(gluconate) 2 , 5 Na 2 -EGTA, and 10 H EPES, pH set to 7.0 with N-methyl-D-glucamine (NMDG), and the pipette holder was filled with a solution identical except that C l Ϫ replaced gluconate (to enable the operation of the silver chloride electrode of the pipette holder). The control external solution contained (in mM) 0.1 Na-glutamate, 100 Na-gluconate, 42.5 K-gluconate, 2 Mg-(gluconate) 2 , 2.5 C a-(gluconate) 2 , 1 NaH 2 PO 4 , 10 glucose, and 10 H EPES, pH set to 7.4 with NMDG. To examine the effect on the reversal potential of altering the ion gradients, we lowered [Na] o to 51 mM by replacing Na-gluconate with NMDG-gluconate, or [K] o was lowered to 10 mM by replacing K-gluconate with NMDGgluconate, or the pH was adjusted to 8.0 with NMDG, or [glutamate] o was increased from 0.1 to 0.3 mM.
pH measurements. C ells were whole-cell-clamped with the normal pipette solution for forward uptake (see above) but buffered with only 0.5 mM H EPES and with the pH-sensitive fluorescent dye BCECF (96 M) added. E xternal solution was the normal solution for forward uptake, but with the pH adjusted to 7.7 and, in some experiments, with 1 mM amiloride added to ensure that the pH changes seen were not generated by the Na ϩ /H ϩ exchanger secondary to an uptake-evoked rise of [Na ϩ ] i (Na ϩ -HC O 3 Ϫ transporters are inhibited by the absence of HC O 3 Ϫ in our solutions). Fluorescence of the cell was excited at 490 or 440 nm wavelength (an acid pH shift decreases fluorescence excited at 490 nm but has no effect on that at 440 nm), and emission at 530 nm was measured with a photomultiplier. The pH signal was not calibrated in vivo, but in vitro calibration (Rink et al., 1982) suggests that a typical glutamate-evoked decrease in fluorescence of 2% (excited at 490 nm) corresponds to an acidification of 0.02 units.
Data anal ysis. All data are presented as mean Ϯ SEM. To compare experimental data on the transporter reversal potential with theoretical predictions for various stoichiometries (175 of which were considered), we used the average value measured for the reversal potential in the control external solution and the four shifts of reversal potential measured when, in turn, the external concentration of sodium, protons, potassium, and glutamate were altered. For each of these five measurements we computed the absolute value of the difference between the theoretical prediction and the experimental value and then averaged this "error" over the five measurements to crudely assess the relative likelihood that a particular theoretical stoichiometry might be consistent with the data. When this average "error" was Ͻ6 mV, which narrowed the search to three possible stoichiometries, a Student's two-tailed t test was used to assess the probability of each measurement being consistent with the theoretical prediction.
RESULTS

Characteristics of the forward uptake current produced by GLT-1/Dd-B7 cells
After being cultured in doxycycline for 24 -48 hr to induce the expression of GLT-1, glutamate evoked an inward current in whole-cell-clamped GLT-1/Dd-B7 cells. No current was seen in cells that had not been cultured in doxycycline (Levy et al., 1998 ). The inward current was large at negative potentials and reduced on polarizing to positive potentials, although it was still clearly inward at ϩ40 mV ( Fig. 1 ). This I-V relation is similar to that reported previously for salamander glial cells (Brew and Attwell, 1987) , which express mainly a GLAST homolog, and for the GLT-1 homolog EAAT2 expressed in oocytes (Wadiche et al., 1995a) . The lack of an outward current at positive potentials, despite the presence of Cl Ϫ in the external solution, is consistent with only a small contribution of an anion conductance to this I-V relation (see below).
Applying increasing doses of glutamate evoked an increasing inward current, the size of which could be fit by a MichaelisMenten dependence on [glu] o (Fig. 2) , with a K m of ϳ17 M. This value is similar to that found previously for EAAT2 expressed in oocytes (18 M; Arriza et al., 1994) but is significantly lower than that for EAAT2 expressed in COS-7 cells (97 M; Arriza et al., 1994) and higher than that for GLT-1 expressed in HeLa cells (10 M; Pines et al., 1992) .
The glutamate-evoked current was abolished when extracellu-lar sodium was replaced by choline (Fig. 3A , six cells), consistent with glutamate transport requiring Na ϩ cotransport. It was reduced by external DHK (Fig. 3B) , a glutamate analog that binds relatively specifically to GLT-1/ EAAT2 but is not transported across the membrane (Pines et al., 1992; Arriza et al., 1994; Wang et al., 1998) . On average, in seven cells the response to 200 M glutamate was reduced by 46 Ϯ 2% by 200 M DHK. For competitive inhibition, with K glu ϭ 17 M (see Fig. 2 ), this is consistent with a Michaelis-Menten constant for DHK binding of K DHK ϭ 18 M, somewhat higher than the 8 M that was found by Wang et al. (1998) for GLT-1 expressed in oocytes but similar to the 23 M found by Arriza et al. (1994) for EAAT2 in COS cells. DHK evoked no current change itself when C l Ϫ was the main anion present (Fig. 3B, seven cells) . However, when the pipette solution contained NO 3 Ϫ as the main anion (130 mM KNO 3 replacing KC l), which is much more permeant than C l Ϫ through the anion channel of glutamate transporters (Wadiche et al., 1995a; Billups et al., 1996; Eliasof and Jahr, 1996) , DHK evoked a small outward current (Fig. 3C ) that was reduced at more positive potentials (Fig. 3D) . These data are consistent with the suggestion of Bergles and Jahr (1997) that the anion conductance in GLT-1 is tonically active even in the absence of external glutamate; the efflux of NO 3
Ϫ generates an inward current that is suppressed when DHK binds, presumably because DHK binding shifts the transporter to a state from which the anion channel is not (or is less) activated. This may indicate activation of the anion conductance in the absence of any glutamate bound to the transporter or its activation by the intracellular binding and reversed uptake of glutamate that has not been dialyzed completely out of the cell, as seen previously by Billups et al. (1996) . Nevertheless, the anion conductance contributes a negligible current with Cl Ϫ as the main anion present.
Number and density of transporters
A GLT-1/ Dd-B7 cell of 8.5 m average radius (when rounded up; Levy et al., 1998) typically showed an uptake current of ϳ5 pA at Ϫ60 mV in response to a saturating glutamate concentration. For two charges entering per carrier cycle (as deduced below) and a cycle time of 100 msec (at Ϫ60 mV; Wadiche et al., 1995b) , this implies that there are ϳ1.6 ϫ 10 6 transporters present in each cell, at a density of 1700/m 2 .
Reversed uptake mediated by GLT-1
During brain ischemia the extracellular potassium concentration rises to 60 mM, depolarizing cells and triggering glutamate release by reversed operation of glutamate transporters (Attwell et al., 1993) . To examine reversed uptake in GLT-1/Dd-B7 cells, we whole-cell-clamped them to a depolarized or positive potential with a pipette solution containing 10 mM Na-glutamate and raised the [K] o from 0 to 60 mM. This evoked an outward current component (Fig. 3E) resembling the reversed uptake current characterized by Szatkowski et al. (1990) in retinal glial cells, which was blocked by external glutamate (because when the transporter releases its exported glutamate at the outer membrane surface, external glutamate binds to the glutamate transport site, preventing the transporter from reorienting to the inner membrane surface to pick up more glutamate). For 5 of the 17 cells studied, like the cell of Figure 3E , the K ϩ -evoked current was net outward and was abolished by 200 M external glutamate. For the other 12 cells, however, the K ϩ -evoked current was net inward and became more inward in the presence of glutamate (Fig. 3F ) . Presumably in those cells the outward reversed uptake current component was superimposed on an inward K ϩ -evoked current flowing through the potassium channels of the cell. Subtracting the current in the presence of glutamate from that in the absence of glutamate revealed the outward K ϩ -evoked reversed uptake current (trace ⌬I in Fig.  3F ). In cells that were cultured in the absence of doxycycline, and so did not express GLT-1, raising [K] o evoked an inward current that was unaffected by 200 M glutamate (four cells).
DHK also reduced the reversed uptake current. In six cells 200 M DHK made the K ϩ -evoked current less outward (or more inward) by an amount that was not significantly different from (1.04 Ϯ 0.12 times) the change produced by 200 M glutamate (the current changes were calculated by subtraction as in Fig. 3F ).
Changes of pH produced by GLT-1
To determine whether, like the GLAST transporters in salamander glial cells and EAAC1 and EAAT3 transporters in oocytes (Bouvier et al., 1992; Kanai et al., 1995; Zerangue and Kavanaugh, 1996b) , GLT-1 generates an intracellular acidification, we used the fluorescent pH-sensitive dye BCECF (see Materials and Methods). Applying L-glutamate or D-aspartate decreased the fluorescence of BCECF excited at 490 nm (Fig.  4 A,B) , but not that excited at 440 nm (Fig. 4 B) , showing that these amino acids that are transported by GLT-1 evoke an intracellular acidification (seen in all nine cells for glutamate and 11 cells for D-aspartate, which showed a stable pH baseline). Glutamate (50 M for 1 min) decreased the fluorescence excited at 490 nm by 2.2 Ϯ 0.4% (in five cells clamped to Ϫ63 mV), which corresponds to an acidification of 0.022 units according to an in vitro calibration (Rink et al., 1982) .
The acidification produced by 50 M D-aspartate was reduced by 27 Ϯ 5% in three cells by the GLT-1 blocker DHK (200 M; data not shown). D-Aspartate is not metabolized inside the cell, and so the acidification cannot be produced by biochemical reactions downstream of uptake into the cell. In experiments on nine cells (including that in Fig. 4C ) amiloride (1 mM) was present in the external solution, and in all experiments HCO 3 Ϫ was absent from the internal and external solutions to prevent any pH Ϫ cotransport secondary to a rise in [Na ϩ ] i produced by uptake. Thus, the pH changes that were observed apparently are generated by GLT-1 transporting a pH-changing ion, a conclusion we strengthen below. Vandenberg et al. (1995) have suggested that the EAAT1 transporter may contain a tonically active conductance through which cations can pass, not coupled to glutamate transport. Conceivably such a conductance could be permeable to H ϩ ions and, as is seen for the anion conductance in EAAT4 and EAAT5 transporters (Arriza et al., 1997; Fairman et al., 1995) , could be activated by transporter substrates. However, in all three cells that were tested, we also observed an intracellular acidification (Fig.  4C ) when the cell was held at Ϫ20 mV, which is above the reversal potential for H ϩ for the solutions used (pH o ϭ 7.7, pH i ϭ 7.0, E H ϭ Ϫ41 mV), showing that the movement of H ϩ (or OH Ϫ ) was coupled to glutamate entry and did not result from a passive H ϩ conductance activated by glutamate or D-aspartate (cf. Billups et al., 1996; Z erangue and Kavanaugh, 1996b) .
The pH changes that were seen reached a plateau (implying no further entry of protons) on removing glutamate or aspartate, but they rarely reversed. This is because recovery depends on the rate of action of endogenous pH regulating carriers in the cell (mainly Na ϩ /H ϩ exchange in our solutions, which lacked bicarbonate). These recovery mechanisms apparently run much more slowly than the rate at which GLT-1 can acidif y the cytoplasm.
Reversal potential of the GLT-1 transporter
We have shown above that GLT-1 can mediate forward or reversed uptake and thus can generate an inward or outward current, depending on the ionic and potential gradients across the membrane. Applying a nontransported blocker of GLT-1, like DHK (see Discussion), therefore should evoke a current change that is outward at very negative potentials (where the transporter is mediating forward uptake and generating an inward current) and inward at very positive potentials (where the transporter is running in reverse and generating an outward current). At some potential in between there will be no net glutamate and charge flux through the transporter, and DHK will evoke no current. This reversal potential for the transporter is determined by the ionic stoichiometry of the transporter (Zerangue and Kavanaugh, 1996b) as: (1) where n Na (etc.) is the number of ions moving on each carrier cycle, Na o and Na i (etc.) are the concentrations of Na ϩ (etc.) outside and inside the cell, R is the gas constant, T is the temperature, and F is the Faraday constant.
This equation can only be used if all of the current change produced by DHK is attributable to the block of ion movements coupled to glutamate translocation. In the following experiments, therefore, we used solutions lacking Cl Ϫ (replaced by gluconate) to abolish any contribution from the anion conductance activated by the transporter (Wadiche et al., 1995a) . A cation conductance that is tonically active in the absence of external glutamate (which might reflect cation flux resulting from activation of reversed uptake by glutamate inside the cell or might be attributable to a transporter cation conductance that occurs even without glutamate bound) has been reported for EAAC1 (homologous to EAAT3; Kanai et al., 1995) and EAAT1 , but not for GLT-1 or its homolog EAAT2. In the absence of external glutamate (and in the absence of anions like NO 3 Ϫ that are highly permeant through the anion conductance of the transporter), DHK evokes no current in GLT-1/Dd-B7 cells whole-cell-clamped with a pipette solution lacking glutamate (see Fig. 3B ), which suggests that DHK only blocks charge movements coupled to glutamate translocation and that the reversal potential of the DHK-evoked current can be equated to that of the glutamate translocation part of the transporter (see Discussion for further consideration of this point). Figure 5A shows current changes at different voltages, resulting from the application of 200 M DHK to a cell studied with intracellular and extracellular solutions containing glutamate, Na ϩ , and K ϩ to allow both forward and reversed glutamate transport. At positive potentials DHK evokes an inward current shift. At negative potentials it evokes an outward shift. The mean reversal potential measured in 22 cells was Ϫ12.2 Ϯ 1.6 mV. For comparison, for the ionic conditions that were used, Equation 1 predicts a reversal potential of Ϫ11.9 or Ϫ54.1 mV for three or two Na ϩ being cotransported with one H ϩ and one glu Ϫ and with one K ϩ being countertransported (predictions for some other possible stoichiometries are given in Table 1 ). Thus, the reversal potential observed is consistent with n Na ϭ 3, and n glu ϭ n K ϭ n H ϭ 1. Figure 3 . Properties of forward and reversed uptake mediated by GLT-1 in CHO cells. A, Sodium dependence: removing external Na ϩ (replaced with choline) abolished the current evoked by glutamate (GLU; bars) at Ϫ67 mV. B, Sensitivity to dihydrokainate (DHK ) with solutions containing Cl Ϫ as the main anion. After a control response to 300 M glutamate, 200 M DHK was found to evoke no current change. Applying glutamate in DHK evoked a current that was smaller than in control solution (note that the reduction produced by DHK is less than that quoted in the text for 200 M glutamate because [glutamate] was 300 M here). Applying glutamate again after the DHK was washed out evoked a response similar in size to the initial control. C, Responses to 200 M DHK and 200 M glutamate, using a pipette solution containing 130 mM NO 3 Ϫ . Lef t panels, DHK evoked an outward current that was smaller at more positive potentials, i.e., a conductance decrease. Right panels, Glutamate evoked an inward current that was larger at more negative potentials, i.e., a conductance increase. D, Voltage dependence of responses obtained as in C (from a different cell; similar results were obtained in three cells). E, F, Reversed uptake, alone ( E) or superimposed on an inward current through Kϩ channels ( F), evoked by raising [K ϩ ] o from 0 to 60 mM around cells clamped with a pipette containing 10 mM Na-glutamate. E, Raising [K ϩ ] o evoked an outward current (at ϩ40 mV) that was suppressed by 200 M external glutamate. F, In another cell, raising [K ϩ ] o evoked an inward current (at 0 mV) that was increased by 200 M external glutamate. Subtracting the current in the presence from that in the absence of glutamate revealed the outward K ϩ -evoked reversed uptake current component (⌬I ). The return of the current changes to baseline is not shown, because the duration of the [K ϩ ] o elevation that was applied was different in the presence and absence of glutamate. Figure 4 . Changes of pH generated by GLT-1. For each panel the top trace is the membrane current, and the bottom trace is the BCECF fluorescence ( F), quantified as the fractional change ⌬F/F. In vitro calibration (Rink et al., 1982) indicates that a ⌬F/F of 0.05 corresponds to a pH change of 0.05 units. A, Change of fluorescence of BCECF (excited at 490 and emitted at 530 nm) and membrane current evoked by 50 M glutamate in a cell clamped to Ϫ63 mV. When glutamate evokes a step change of uptake current, a change in the slope of the fluorescence record is seen (as expected if a proton influx accompanying uptake is proportional to the uptake current). B, Comparison of BCECF fluorescence and membrane current (at Ϫ63 mV) changes that are seen when excitation is at 440 and 490 nm during the application of D-aspartate (50 M). D-Aspartate always evokes an inward current but produces no fluorescence change with 440 nm excitation. The small break in the current trace for 490 nm shows where an electrical artifact was removed. C, D-Aspartate evokes a pH change in a cell clamped to Ϫ20 mV, i.e., above the reversal potential for H ϩ (Ϫ41 mV), as well as at more negative potentials. For this experiment 1 mM amiloride was present in the superfusion solution. Figure 5B shows specimen I-V relations for the DHK-blocked current in a cell studied with these two values of [Na ϩ ] o (note that at positive potentials the inward current shift produced by DHK is plotted as outward, i.e., the size of the current blocked is plotted). Lowering [Na ϩ ] o shifted the reversal potential negative by 24 mV in this cell and by 27.8 Ϯ 2.5 mV in seven cells, consistent with n Na ϭ 3, and n glu ϭ n K ϭ n H ϭ 1 (other possibilities are assessed in Table  1 and discussed below). 
Effect of ion concentration changes on the reversal potential
Ϫ8 M, as in our experiments, Equation 3 predicts a shift of Ϫ17.7 or Ϫ35.5 mV, respectively, if three or two Na ϩ are cotransported and n glu ϭ n K ϭ n H ϭ 1. Figure 5C shows specimen I-V relations for the DHKblocked current in a cell studied with these two values of [H ϩ ] o . Changing the external pH shifted the reversal potential negative 
All reversal potentials are in millivolts. Data on the left give the mean reversal potential in control solution (ϮSEM; number of cells in brackets) and the reversal potential shifts seen on lowering [Na ϩ ] o from 101 to 51 mM, changing external pH from 7.4 to 8.0, lowering external [K ϩ ] o from 42.5 to 10 mM, and raising external [glu Ϫ ] from 100 to 300 M. Columns on the right show the predicted reversal potentials for four different transporter stoichiometries (described as cotransported substrates/countertransported substrate). In brackets after each value is shown the p value from a two-tailed t test comparing the theoretical prediction with the experimental data.
by 21 mV in this cell and by 19.3 Ϯ 3.2 mV in six cells, consistent with n Na ϭ 3, and n glu ϭ n K ϭ n H ϭ 1.
From 
] o 1 ϭ 42.5 and [K ϩ ] o 2 ϭ 10 mM, as in our experiments, Equation 4 predicts a shift of 18.6 or 37.1 mV, respectively, if three or two Na ϩ are cotransported and n glu ϭ n K ϭ n H ϭ 1. Figure 5D shows specimen I-V relations for the DHK-blocked current in a cell studied with these two values of [
shifted the reversal potential positive by 20 mV in this cell and by 14.6 Ϯ 2.6 mV in 11 cells, consistent with n Na ϭ 3, and n glu ϭ n K ϭ n H ϭ 1.
3 mM, as in our experiments, Equation 5 predicts a shift of 14.1 or 28.2 mV, respectively, if three or two Na ϩ are cotransported and n glu ϭ n K ϭ n H ϭ 1. Figure 5E shows specimen I-V relations for the DHK-blocked current in a cell studied with these two values of [glu Ϫ ] o . Raising the external glutamate concentration shifted the reversal potential positive by 14 mV in this cell and by 15.1 Ϯ 1.6 mV in seven cells, consistent with n Na ϭ 3, and n glu ϭ n K ϭ n H ϭ 1. Table 1 summarizes the experimentally observed reversal potential of the DHK-blocked current in the control external solution and the shifts in reversal potential evoked by altering the external sodium, proton, potassium, and glutamate concentrations. It also summarizes the theoretical predictions for these parameters of several possible transporter stoichiometries, together with p values for t tests comparing the experimental data with the prediction of each stoichiometry.
Estimation of the stoichiometry of GLT-1
Comparing the data first with the predictions for n Na ϭ 3 or 2 sodium ions cotransported, assuming that n H ϭ n K ϭ n glu ϭ 1, it is clear that the reversal potential in control solution and the reversal potential shifts produced by altering each of the four transported species are all consistent with n Na ϭ 3 and completely inconsistent with n Na ϭ 2.
We then considered whether other possible stoichiometries might be consistent with the data. All possible stoichiometries were considered that had (1) the sum of the number of Na ϩ and of H ϩ transported Յ6 [going up to such large numbers was considered justified because GLT-1 is thought to operate as a trimer (Haugeto et al., 1996) , and conceivably several ions could bind to each trimer]; (2) at least one Na ϩ and one glu Ϫ transported (for consistency with radiotracing data); and (3) a net positive charge moving into the cell with glutamate (as seen electrophysiologically even with the anion conductance abolished by chloride removal). These constraints led us to consider 175 possible stoichiometries, which were narrowed to those shown in Table 1 as described in Materials and Methods. Some stoichiometries (other than n Na ϭ 3, n H ϭ 1, n K ϭ 1, n glu ϭ 1) could predict certain individual values close to what was observed, but none of them predicted accurately both the control reversal potential and all four reversal potential shifts produced by altering the ion gradients. For example, for the postulated stoichiometry n Na ϭ 5, n H ϭ 1, n K ϭ 1, n glu ϭ 2, the predictions are reasonable for the reversal potential shifts produced by altering [ ] o . The two stoichiometries (other than n Na ϭ 3, n H ϭ 1, n K ϭ 1, n glu ϭ 1) that minimized the differences between the observed and predicted values were (1) n Na ϭ 5, n H ϭ 1, n K ϭ 1, n glu ϭ 2 and (2) n Na ϭ 3, n H ϭ 2, n K ϭ 1, n glu ϭ 1. For each of these, however, and for other stoichiometries with predictions that were slightly further from the data (which could not be fit into Table 1) , t tests comparing the observed and predicted values ruled them out as plausible stoichiometries (Table 1) . We conclude that the stoichiometry n Na ϭ 3, n H ϭ 1, n K ϭ 1, n glu ϭ 1 predicts results that are not significantly different from our data, whereas all other stoichiometries do not.
DISCUSSION
Currents generated by GLT-1 transporters in GLT-1/Dd-B7 cells
The voltage, Na ϩ and K ϩ dependence, and the pharmacology of the glutamate-evoked current in GLT-1/Dd-B7 cells are similar to those seen for GLT-1 (or its human equivalent EAAT2) in preparations derived from native brain or when expressed heterologously in oocytes or COS-7 cells (Kanner and Sharon, 1978; Pines et al., 1992; Arriza et al., 1994; Wadiche et al., 1995a) .
Glutamate transporters can generate membrane current both by the movements of ions coupled to glutamate transport and by the activation of an anion conductance (Wadiche et al., 1995a) . The current mediated by GLT-1 and its homolog EAAT2 is still inward at ϩ40 mV (see Fig. 1 ; Wadiche et al., 1995a) , and removing external Cl Ϫ has no effect on the current generated by EAAT2 (Wadiche et al., 1995a) . By contrast, EAAT1 and EAAT3 show an outward current at positive potentials that is abolished by the removal of external Cl Ϫ . These data suggest that GLT-1/EAAT2 normally activates little anion conductance as compared with EAAT1 and EAAT3. In the presence of the much more permeable anion NO 3 Ϫ , however, the anion conductance may be significant. Our observation that DHK suppresses a conductance in cells clamped with pipettes containing NO 3 Ϫ is consistent with the suggestion of Bergles and Jahr (1997) that the GLT-1 anion conductance is tonically active in the absence of external glutamate.
Stoichiometry of GLT-1
The stoichiometry of GLT-1 was determined by the method of Zerangue and Kavanaugh (1996b) in which the reversal potential of the current blocked by a nontransported glutamate analog (DHK or kainate) is measured in various ionic conditions. The idea is that, with all of the transporter substrates (glutamate, Na ϩ , K ϩ , and H ϩ ) present on both sides of the membrane, forward uptake will occur at very negative membrane potentials, reversed uptake will occur at very positive membrane potentials, and at an intermediate potential determined by the transporter stoichiometry there will be no net glutamate movement. DHK blocks forward uptake at negative potentials, giving an outward current shift, and blocks reversed uptake at positive potentials, giving an inward current shift, but at the transporter reversal potential DHK does not change the membrane current (see Fig.  5A ). Measuring this null potential in various ionic conditions allows the stoichiometry to be deduced from Equations 1-5.
